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Abstract: The present review will explore the most relevant findings on marine microbial biofilm, with
particular attention towards its polysaccharide fraction, namely exopolysaccharide (EPS). EPSs of
microbial origin are ubiquitous in nature, possess unique properties and can be isolated from the
bacteria living in a variety of habitats, including fresh water or marine environments, extreme
environments or different soil ecosystems. These biopolymers have many application in the field
of biotechnology. Several studies showed that the biofilm formation is closely related to quorum
sensing (QS) systems, which is a mechanism relying on the production of small molecules defined as
“autoinducers” that bacteria release in the surrounding environment where they accumulate. In this
review, the involvement of microbial chemical communication, by QS mechanism, in the formation
of marine biofilm will also be discussed.

Keywords: biofilm; marine bacteria; exopolysaccharide (EPS); acylhomoserine lactones (AHLs);
quorum sensing (QS)

1. Introduction

The ocean covers almost two-thirds of the planet’s surface, and with its 3500 million years of
life, it represents a mottled source of chemical and biological biodiversity [1]. Effectively, due to
the physical and chemical differences, such as temperature, whose range goes from the extreme low
values of Antarctic waters to 350 °C of hydrothermal vents, and pressure (1-1000 atm), the sea can be
considered a melting pot of (micro)organisms with intriguing properties related to the production of
active secondary metabolites [2].

In particular, these natural products have been widely investigated by the pharmaceutical industry
to find new drugs with antiviral, antibacterial and antitumor activities [3-8].

Generally, in the aquatic environment, the production of secondary metabolites by sessile
eukaryotic organisms (i.e., marine sponges and corals) can be considered as a defense system against
predators that are responsible for the natural selection in biological communities [9].

One of the strategies that bacteria evolved to adapt to environmental challenges is the formation
of multicellular aggregates, commonly referred to as biofilms [10]. These bacterial consortia are
embedded in an extracellular matrix with protective and adhesive proprieties [11].
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The scientific interest in this subject is considerable, since bacteria are organized in biofilms in
most natural environments [12-14].

At the base of the formation of these aggregates, there is the synthesis by the microorganisms
of an extracellular matrix that gives structural integrity to the biofilm [15]. This matrix is made of
exopolymers, extracellular polymeric substances, consisting of polysaccharides, proteins, nucleic acids
and lipids [16,17]. In general, the amount of extracellular polymeric substances in a biofilm varies
from 50%—-90% of the organic fraction. The extracellular matrix has different basic functions, such as
adhesion to surfaces, aggregation of the cells, formation of biofilms and flocs (structural elements),
protective barrier for cells, etc.

The biofilm mode of life gives to its members several benefits, including increased resistance to
host immune defenses, higher resistance towards antimicrobial compounds, efc. [18]. Moreover, biofilms
are most often found in close association with surfaces and interfaces, where they take advantage of
a higher concentration of nutrients [19].

Carbohydrates are the major constituents of this matrix. More precisely, the bacterial extracellular
polymeric matrix is constituted of polysaccharides (40%-95%), proteins (1%-60%), nucleic acids
(1%-10%) and lipids (1%—40%) [20].

Among these biopolymers, exopolysaccharides represent the major fraction of the biofilm matrix.
These high molecular weight polymers are made up of repeating units of pentoses, hexoses and amino
sugars assembled by different linkages in an ample variety ranging from stiff backbones to more
flexible structures [21]. In addition, inorganic residues, such as phosphate or rarely sulfate, may also
be present [22].

The physiological role of exopolysaccharides is influenced by the wide biodiversity of the sea,
and it has been extensively demonstrated that they promote both the growth and the survival of the
cell aggregates in which they are produced [23-25].

Recently, exopolysaccharides isolated from different bacterial species living in several environments
have been characterized. These studies established that the chemical composition of these natural
polymers can change even in the frame of a single species. In particular, it resulted that various strains
of Streptococcus thermophilus produce heteropolymers with a different monomeric composition, molar
ratio and molecular mass [26].

In addition, Pseudomonas aeruginosa was found to produce at least three distinct exopolysaccharides:
alginate, a mannose- and galactose-rich polysaccharide named Pel (from pel, the pellicle formation
locus) and a glucose-rich matrix polysaccharide polymer (unknown structure) named Psl (from psl, the
polysaccharide synthesis locus), which are at the base of biofilm development and architecture [27].

Furthermore, in the case of marine exopolysaccharides, it was extensively demonstrated that the
chemical nature of the polymer was influenced by the environment where the microorganisms live.

In particular, exopolysaccharides produced from an Antarctic marine bacteria isolated from both
the particulate material and sea ice of the Southern Ocean were shown to be mainly composed of
charged uronic acids moieties and sulfate groups [23]. On the other hand, the exopolymer produced
by the haloalkalophilic Bacillus sp. I-450, isolated in the Korean Yellow Sea, was found to be an acidic
polysaccharide with a high content of neutral sugars and uronic acids [28].

Hetero- and homo-polymers of mannose were instead identified in the case of microorganisms
isolated from marine hot springs and hydrothermal vents [10].

Since the discovery of bacterial aggregates enclosed in biofilms, many studies have been carried
out in order to establish the regulatory mechanism at the base of these “social lives” [29].

Actually, when organized in communities, microbial cells collaborate by means of a cell-cell
signaling system, defined as quorum sensing (QS), based on the production of small molecules or
“autoinducers”, whose release is proportional to the density and the size of the (micro-)systems where
they accumulate [30].
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In particular, it has been extensively demonstrated that this communication system is at the base
of the interaction among pathogens [31,32], but many clues have been collected related to the use of
the same mechanism by marine bacteria.

In fact, studies carried out on Vibrio spp. (Vibrio fischeri, Vibrio anguillarum and Vibrio harveyi)
highlighted the involvement of the QS system in the control of the bio-luminescence, virulence
processes and biofilm production [33-35]. Moreover, it has been discovered that bacteria isolated
from extreme marine environments, living alone or in association with planktonic species, are able
to produce “inducers” of the homoserine lactones system (AHLs) involved in EPS production [36].
As reported by Frederick et al., 2011, the production of extracellular polymeric substances regulated by
QS allows the formation of biofilms able to evolve rapidly from an initial colonization stage to a later
stage in which a large amount of exopolysaccharides is produced as a defense against environmental
threats [37].

Here, a brief overview on marine microbial biofilm with particular attention towards
biotechnological application of the polysaccharide fraction will be handled. Furthermore, a brief
discussion on the involvement of quorum sensing in the biofilm production will be provided.

2. Marine Microbial Exopolysaccharides: Isolation and Purification Strategies

Marine EPSs are produced by a variety of microbial species that include bacteria, cyanobacteria
and Actinobacteria. Depending on the source microorganisms and their growth conditions, two general
schemes for EPS isolation and purification can be outlined as shown in Figure 1. When liquid bacterial
culture is exploited, then the first step of isolation will require centrifugation to remove intact cells.
The cell-free supernatant will be added by cold ethanol (acetone or methanol can be used as alternative
solvents), then the EPS is recovered by centrifugation and purified by dialysis (Figure 1, upper part).
On the other hand, when bacteria are grown in static mode, for example by seeding on agar plates,
the isolation procedure will require a previous step of saline solution washing, to recover the biofilm,
followed by the addition of bacteriostatic agents and centrifugation to remove intact cells. The EPS
then can be precipitated by the addition of isopropyl alcohol and then purified by dialysis (Figure 1,
lower part).

Centrifugation
v
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¥
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Figure 1. General scheme for EPS isolation [38].
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Other purification strategies that proved to be very effective are represented by stirred-cell
ultrafiltration and crossflow ultrafiltration. As reported in the case of diatom’s EPS purification,
both techniques were more effective than ethanol precipitation, also affording higher purity of
the sample. On the other hand, they were shown to be more time consuming besides affording
different EPS chemical compositions depending on the treatment used [39]. Purification by means of
ultrafiltration in stirred cells has been applied also to microbial EPS recovery, as for example in the
case of Lactobacillus rhamnosus for which the exopolysaccharide recovery ranged from about 80% up to
more than 100% when compared to the classical alcohol precipitation followed by filtration and freeze
drying [40].

3. Marine Microbial Exopolysaccharides: Biotechnological Applications

EPSs find applications or could be potentially exploited in several industrial sectors, like for
example, in the pharmaceutical field, for tissue engineering or as new anticancer drugs or additives, in
the cosmetic industry, in the food industry, as additives or prebiotics, in environmental protection as
emulsifiers for oil pollution recovery or as chelators for toxic metals removal, etc.

Several interesting examples of biologically- and biotechnologically-useful EPSs are available in
the literature and have been recently reviewed [41]; here, we also report some remarkable and more
recent examples as listed in Table 1.

Marine bacterial EPSs that have been investigated for their potential applications in regenerative
medicine include the EPSs from Vibrio diabolicus and Alteromonas infernus, two marine bacteria isolated
from a deep-sea hydrothermal vent. The EPS from V. diabolicus, strain HE8007, is a linear hyaluronic
acid-like and high molecular weight polymer (8 x 10° Da) (see Table 1 for the chemical composition)
commercialized with the name Hyalurift®. It has been investigated for its regenerating activity on
bone and skin: interestingly, HE800 EPS resembles the glycosaminoglycan hyaluronan and has been
shown to be able to promote in vivo regeneration of bone, besides stimulating collagen structuring and
extracellular matrix settling in dermal fibroblasts. The EPS from A. infernus, strain GY785, has a high
molecular weight (about 10® Da) and is a branched and low sulfated polysaccharide (see Table 1 for
the chemical composition) [42,43]. GY785 EPS was shown to improve the mechanical properties of
cellulose-based hydrogels used for cartilage tissue engineering applications.

Furthermore, the depolymerization products of these two EPSs also showed useful properties.
HES800 DR, the low molecular weight derivative of HE800 EPS, was shown to be potentially active
against tumor cells by acting on the complement system. Similar properties were displayed also by the
depolymerization product of GY785 EPS, named GY785 DR. The main chemical features of HES00 and
GY785 EPSs are reported in Table 1 [44]. Moreover, GY785 EPS after depolymerization (24 x 10° Da) and
sulfation treatments displays also an interesting “heparin-like” or “heparin-mimetic” activity (Table 1).

Another species belonging to Alteromonas genus, i.e., Alteromonas macleodii subsp. fijiensis, strain
HYD657, has been shown to produce interesting EPS. A. macleodii subsp. fijiensis bacterium produces
a high molecular weight (1.5 x 10° Da) polymer, i.e., HYD657, that is commercially available with
the name Abyssine® (Patent PCT 94907582-4) for the protection of sensitive skin against chemical,
mechanical and UVB aggressions [45]. Its main chemical features are shown in Table 1. Notably, this is
the first example of marine EPS to be commercially exploited by the cosmetic industry.

Other EPSs displaying potential pharmaceutical applications are secreted by polar microorganisms,
like the strain SM1127, belonging to the Polaribacter genus, that has been isolated from the brown alga
Laminaria in the Arctic environment. This EPS (molecular weight 220 kDa) is mainly composed
of N-acetyl glucosamine, mannose and glucuronic acid (see Table 1 for the complete monomer
composition). It is safe for oral administration and external use, and it is able to exert a protective effect
towards human dermal fibroblasts. EPS from Polaribacter sp. SM1127 could also find applications in
food, cosmetic and biomedical fields, thanks to its rheological properties, its high tolerance to salinity
pH and, finally, its moisture-retention ability [46].
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A similarly versatile EPS has been identified from the deep-sea bacterium Zunongwangia profunda
SM-AS87: such a molecule possesses interesting rheological properties, very high moisture-retention
ability and antioxidant activity, which make it a promising candidate for biotechnology applications [47].

A very recent example of biologically-active EPS is represented by the sulfated polysaccharide
produced by Labrenzia sp. PRIM-30, a bacterium isolated from deep seawater collected in the region of
Cochin in India. This EPS has an average molecular weight of 269 kDa; its monomer units include
glucose, arabinose, galacturonic acid and mannose in the ratio of 14.4:1.2:1:0.6. Its low viscosity,
emulsifying activities, besides its antioxidant properties suggest its applications in the food and
pharmaceutical fields [48].

The EPS produced by the marine bacterium Cobetia marina, isolated from littoral seawater in
Woodshole (USA), has been recently studied for its structure and biological properties. This EPS is
an acidic and high molecular weight heteropolysaccharide (270 kDa), whose repeating unit is the
following: of —2)-p-D-Ribf-(1—4)-[7,8-O-(Pyr)]-a-D-KDOp-(2—. Interestingly, the EPS composition
and structure share significant analogies with some Escherichia coli K-antigen polysaccharides, and
therefore, it could be evaluated for potential medical or biotechnological applications [49].

Recently, EPSs produced by Alteromonas sp. PRIM-21, Nitratireductor sp. PRIM-24 and Enterobacter sp.
PRIM-26, i.e., bacteria associated with marine organisms, have been isolated. All of the EPSs produced
by these strains showed the presence of biologically-important functional groups that suggest their
use for biotechnological applications thanks to their good antioxidant and emulsifying properties [50].
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Table 1. Examples of biologically- and biotechnologically-useful marine EPSs.

6 of 14

Bacterial Source(EPS name)

Structure/Chemical Composition *

Activity/Applications

Ref.

Vibrio diabolicus, strain HE800T

Alteromonas infernus (GY785)

Alteromonas macleodii subsp.
Fijiensis, strain HYD657

Polaribacter sp. SM1127
Weissella cibaria A2, Weissella confusa

A9, Lactobacillus plantarum A3 and
Pediococcus pentosaceus 554

Paracoccus zeaxanthinifaciens subsp.
payriae (EPS M1)

Anabaena spiroides

Pseudomonas aeruginosa JP-11

Pseudomonas sp. ID1

Equal amounts of GlcA and hexosamine (GlcNAc
and GalNAc)

Repeating unit of uronic acids (GlcA and GalA)
and neutral sugars (Gal and Glc) and substituted
with one sulfate group

Monomer composition:
Glc/Gal/Man/Rha/Fuc/GlcA/GalA
(molar ratios: 1/1.9/0.4/0.6/0.2/1.2/2.8)
Monomer composition:
Rha/Fuc/GlcA/Man/Gal/Glc/GlcNAc (mol%:
0.8/7.4/21.4/23.4/17.3/1.6/28.0)

unknown

Proteins, neutral sugars, uronic acids, sulfates
(w/w) 3%, 48%, 8%, 29%, respectively.
Substituents: acetate and sulfate
w/w composition: Glc 29.3%, Man 24.2%,
Rha 21.9%, Xyl 7.8%, GIcA 6.6%, Fuc 5.6%,
Gal 2.0%, GalA 1.8% and Ara 0.8%; proteins 12.2%

unknown

w/w composition: carbohydrates 33.8%
(Glc 17.0%, Gal 8.6%, Fuc 8.2%)/uronic acids
2.4% /proteins 2.8%

Regenerating activity on bone and skin

Increase the viability and the proliferation of
chondrocytes. Cartilage tissue engineering
applications. “Heparin-like” or “heparin-mimetic”
activity (depolymerized and sulfated EPS).

Protection of sensitive skin against chemical,
mechanical and UVB aggressions

Food, cosmetic, pharmaceutical and biomedical fields

Prebiotic activity (Bifidobacteria group), high
resistance to gastric and intestinal digestion

Bioremediation of toxic metals

Bioremediation of metal-polluted environments
(copper), reduction of copper accumulation in an
aquatic microbial food chain

Bioremediation of polluted waters by binding of toxic
cadmium ions
Emulsifying and cryoprotectant properties.
Potential applications in bioremediation and in food,
pharmaceutical and cosmetic sectors.

[42]

[42,43]

[45]

[46]

[51]

(52]

(53]

[54]

[55]

* Monosaccharide abbreviations: Glc, glucose; Gal, galactose; Man, mannose; Rha, rhamnose; Fuc, fucose; Ara, arabinose; Xyl, xylose; GlcA, glucuronic acid; GalA, galacturonic acid;
GlcNAc, N-acetyl glucosamine; GalNAc, N-acetyl galactosamine.
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EPSs produced by lactic acid bacteria isolated from the gastrointestinal tract of fish
(Dascyllus aruanus) display promising prebiotic activity thanks to their ability to resist gastric and
intestinal digestion and to positively affect some beneficial gut bacteria, particularly with the main
regard to Bifidobacteria [51].

Marine microbial EPSs can be involved in bioremediation processes to remove toxic metals.
An example is represented by the sulfated EPSs (see Table 1 for the main chemical features) produced
by Paracoccus zeaxanthinifaciens subsp. payriae, a species isolated from microbial mats in the Rangiroa
Atoll (French Polynesia). Interestingly, such a biopolymer displayed a high biosorption capacity, since
it is able to perform a significant Cu (II) and Ag (I) uptake, up to 400 mg Cu/g EPS and 256 mg Ag/g
EPS [52].

Furthermore, cyanobacteria EPSs have been shown to interact with metal ions in metal-polluted
environments, thus assuming a potential ecological role for bioremediation. A recent study on the
effects of Anabaena spiroides EPS on copper speciation showed that this EPS is able to accumulate Cu
(IT) ions, thus reducing the in vitro accumulation in an experimental aquatic microbial food chain [53].

Another interesting example of the application to bioremediation is represented by
Pseudomonas aeruginosa JP-11 EPS, which has been used for the synthesis of cadmium sulfide nanoparticles.
The incorporation of nanoparticles in P. aeruginosa EPS has been proposed as a potential strategy for
the efficient removal of toxic cadmium ions from polluted waters [54].

EPSs can be exploited in bioremediation processes also thanks to their emulsifying and
cryoprotectant properties, like for example, the biopolymer produced by Pseudomonas sp. 1D1,
a cold-adapted bacterium isolated from the South Shetland Islands (Antarctica). This EPS (see Table 1
for the chemical composition) has a high molecular weight (2 x 10° Da) and is able to emulsify oils from
food and cosmetic origin; moreover, it displays a significant cryoprotective action for Pseudomonas sp.
ID1 and for other bacteria, thus suggesting potential applications in food, pharmaceutical and cosmetic
sectors [55].

Other examples of marine bacteria EPSs able to emulsify different kinds of hydrocarbons are
represented by the EPSs produced by the bacteria Vibrio furnissii strain VB0S3 and Enterobacter cloaceae.
The V. furnissii strain VB0S3 produces an EPS mainly composed of glucose and galactose that is
able to efficiently emulsify crude oil, xylene, diesel and toluene [56]. E. cloaceae produces a fibrous
EPS characterized by a pseudoplastic nature and that is able to emulsify benzene, hexane, kerosene
and xylene, besides cotton seed, paraffin, coconut, castor, jojoba, groundnut and sunflower oils [57].
Cryoprotectant properties have been shown by EPS from Pseudoalteromonas strain SM20310: this high
molecular weight polysaccharide (more than 2 x 10° Da) has a 2-«-, 6-o-mannosyl residue backbone
and has been shown to act as a cryoprotectant agent towards either the producing strain or other
bacteria, like Escherichia coli [58].

4. Quorum Sensing and Biofilm Development

The first paper reporting the correlation between biofilm development and the quorum sensing
(QS) mechanism in Pseudomonas aeruginosa was by David et al., 1998 [59]. The mentioned study
demonstrated that the cell-cell signaling is crucial for the differentiation of individual cells of
P. aeruginosa into complex multicellular structures (biofilm). P. aeruginosa is an opportunistic biofilm
producing bacterium widely recognized in individuals with genetic cystic fibrosis (CF). In the biofilm
matrix during lung infection, it produces alginate, a capsular polysaccharide virulence factor, which
makes it able to resist antibiotics and to establish chronic infections in the CF lung. Alginate is
a high molecular weight, acetylated polymer composed of non-repetitive monomers of (3-1,4-linked
L-guluronic and D-mannuronic acids. Alginate seems to protect P. aeruginosa from the reactive
oxygen species produced during the inflammation process, through its free radical scavenging
activity. Moreover, it has been reported that P. aeruginosa also produced two different polysaccharides,
a mannose- and galactose-rich polysaccharide named Pel (from pel, the pellicle formation locus)
and a glucose-rich matrix polysaccharide polymer (unknown structure) named Psl (from psl, the
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polysaccharide synthesis locus), which contribute to biofilm formation in nonmucoid strains, which
are believed to be the first to colonize CF lung [27].

The QS mechanism is based on the production of signal molecules, mainly the acylhomoserine
lactones (AHLs) (Figure 2) in Gram-negative bacteria, the autoinducer 2 (Al2), both in Gram-negative
and Gram-positive bacteria, and modified peptides in several Gram-positive bacteria [60—-63].

N-Acyl-homoserine lactones (AHL family), autoinducer-1 (Al-1) QS-system

O
NH R, R R
O R =O —CwH2n+1
1

Structures of common N-acyl homoserine lactones synthesized by biofilm-forming bacteria

@] @]
NHT]/\/CHB NH\H/\[(\/\/\/CH3
O 0
O O O

N-butyryl-L-homoserine lactone N-(3-oxodecanoyl)-L-homoserine lactone

C4-HSL 3-ox0-C10 HSL
0 0

NH CHj; NH CH,
. \n/\/\/ " \[(\ﬂ/\/\/\/\/

0] @) o]
N-hexanoyl-L-homoserine lactone N-(3-oxododecanoyl)-L-homoserine lactone

Co6-HSL 3-oxo-C12-HSL

Figure 2. Chemical structures of N-acyl homoserine lactones identified in the QS system of
biofilm-forming bacteria.

Much information is available in the literature about the production of QS signals by terrestrial
bacteria and pathogens, but less about marine bacteria [64,65]. The first example reported in the
literature of marine bacteria producing QS signals was Vibrio fischeri, which colonizes the light organ
of squid Euprymna scolopes. When the bacterial population reaches the “quorum” value, a visible light
is produced by the bacteria and regulated by AHLs [66]. Bacteria associated with marine sponges also
produce QS signal molecules, mainly AHLs and also diketopiperazines [63].

In P aeruginosa, the QS system is mediated by the two N-acylhomoserine lactone
autoinducers N-butyryl-L-homoserine lactone (C4-HSL) and N-(3-oxododecanoyl)-L-homoserine
lactone (3-ox0-C12-HSL) (Figure 2). This signaling system appears to control genes essential for
the formation of differentiated multicellular microcolonies in bacterial biofilms [67]. Indeed, C4-HSL is
responsible for the regulation of genes involved in biosurfactant production, while 3-oxo-C12-HSL is
crucial for the EPS production and biofilm formation [68,69].

In the marine habitat, many bacteria belonging to the genera Pseudoalteromonas, Thalassomonas,
Vibrio and Pseudomonas have been described to produce AHLs [70]. P. aeruginosa N6P6, isolated from
seawater after enrichment with two polycyclic aromatic hydrocarbons (PAHs), is a biofilm-forming
and acylhomoserine lactone producing bacterium. This marine bacteria putatively synthesized
3-0x0-C12-HSL and C4-HSL, and the two QS genes coding for AHL synthase, lasl and rhll, were
identified. The expression of the two genes during the biofilm mode of growth was different.
Indeed, the expression of rhll decreased during the log phase of biofilm growth, while the expression of
lasI increased with the increase in biofilm growth. This difference in the lasI and rhiI genes’ expression
significantly affected the biofilm architecture and PAH degradation rate, as well [71].

Aeromonas hydrophila, an opportunistic pathogen of fish and man, forms biofilms and produces
C4-HSL and N-hexanoyl-homoserine lactone (C6-HSL) (Figure 2) in a ratio of about 70:1. The capacity
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of A. hydrophila to produce biofilm was compared to a mutant (ahyl) that has lost the capacity to
produce C4-HSL and therefore did not form biofilm. This defect was partially restored by the addition
of exogenous C4-HSL. This result supports a crucial role of AHL signal molecules in A. hydrophila
biofilm development [72].

A very interesting paper reported that the extract of Trigonella foenum-graecum seed methanol
extract was able to inhibit AHL-regulated virulence factors, such as biofilm forming ability and
EPS production, of both above-mentioned bacteria, P. aeruginosa and A. hydrophila. Indeed, the total
amount of EPS produced and biofilm formation were inhibited in a concentration-dependent manner
by T. foenum-graecum extract. Further study demonstrated that the major compound present in the
extract and identified by GC-MS was caffeine, which really reduced the production of QS-regulated
virulence factors and biofilm at 200 pug/mL. These results confirmed the previews data reported by
Norizan et al., 2013 [73,74].

A large class of marine bacteria is represented by the genus Vibrio, the most studied marine
microorganisms for their QS properties. The discovery of luminescence in the marine bacteria V. fischeri
in the late 1970s proved the existence of a system regulating the cell-cell communication by means of
signal molecules [69,75].

Vibrio sp. strain T33, isolated from a Malaysian tropical marine water sample, was identified
by using 16S rDNA gene sequence analysis, and it was closely related to Vibrio brasiliensis. It was
proven to produce C6-HSL and N-(3-oxodecanoyl)-L-homoserine (3-oxo-C10 HSL) (Figure 2) and has
been shown to form biofilm. Moreover, catechin, a well-known anti-QS compound [76], significantly
inhibited the biofilm formation by Vibrio sp. strain T33. These results suggested that the formation
of biofilm formation in Vibrio sp. strain T33 is regulated by QS [77]. Later, the same authors reported
similar data for another marine bacteria belonging to the same genus Vibrio sp., V. sinaloensis strain
T47. The isolated strain was confirmed to produce C4-HSL, and it also formed biofilms, which were
inhibited by catechin [78].

The marine bacterium Pseudoalteromonas ulvae TC14 isolated from the Mediterranean Sea [79] is
reported as producer of a purple pigment, identified and characterized as violacein. The production of
the pigment was higher in the medium in which it grew less, and it was regulated from exogenous
AHLs. Moreover, other phenotypes associated with biofilm formation, such as adhesion and motility,
also were regulated by exogenous AHLs. Results suggested that P. ulvae TC14 possessed a functional
Lux-type QS receptor capable of detecting extrinsic AHLs, which control violacein production, motility,
adhesion and biofilm formation [80].

Marine snow, like the biofilm, represents a strategy of defense that a bacterial community adopts
to display antagonistic activities towards other bacteria [81]. This bacterial interaction also occurs at
high microbial density; indeed, the levels of microorganisms in marine and lake snow are around
108-10° cells mL!, which means 100- to 10,000-fold higher than those in the surrounding water
columns [82-84]. Some members of «-Proteobacteria belonging to the genus of Roseobacter isolated
from marine and lake snows produced signal molecules (AHLs). In this study, the authors suggested
that AHLs produced in Roseobacter species and other marine snow bacteria control phenotypic traits,
such as antibiotic and/or hydrolytic enzymes or biofilm formation, which are observed when the
population reaches high density and when bacteria attached to snow particles, like in the marine snow
community [36].

Even though all reported results confirm the concept that the cell-cell communication system
(quorum sensing) is directly involved in the biofilm development in several bacterial species and
conditions, biofilm formation is a multifactorial and complex issue. Many items (nutrient load,
intracellular carbon flux, hydrodynamics) have a significant impact on biofilm formation, probably
by altering cellular features during the different stages of bacterial growth and biofilm development.
Therefore, the regulation of QS is important for the biofilm development for many microorganisms in
different conditions, but it is not a unique and important factor [85].
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5. Conclusions

Many studies have been addressed towards the understanding of the fundamental features
concerning the behavior of cells in a biofilm. With a deep knowledge in the production and development
of biofilm, as well as its chemical composition and physicochemical properties, an improved
biotechnology with implications for science, industry, bioremediation and human health could be
provided. Among all constituents of bacterial biofilm, the polysaccharide component (if present)
represents the most interesting fraction for its medical, industrial and environmental applications.

Exopolysaccharides (EPS) of microbial origin, as a reflection of the many functions they perform
in the environment and their chemical and structural variety, have many applications in the field of
biotechnology, especially in the pharmaceutical, food and petrochemical industries. The prospects
regarding the discovery of new polysaccharides, with better characteristics than those already known,
seem optimistic thanks also to the diversity offered by the microorganisms. The conditions, especially
in terms of temperature, salinity and oxygen, make the sea a privileged field of investigation for the
discovery of new bacterial species and, therefore, of biomolecules with novel properties. This review
reflects the current state of research in the field of marine bacteria producing biofilm, which seeks
to expand the exploitation of nature as a source of new active agents to be used as leads for the
development of effective remedies for a multitude of applications. The identification of new natural
products with the specific aim of clarifying the chemical bases of the compounds and the feedback
dose-effect and structure-activity are always in progress. Some examples of marine biofilm and EPS
have been reported according to their function and their biotechnological properties, as well as the role
of signal molecules in their production. Although natural substances have been used in medicine for
thousands of years, the full therapeutic potential of the natural chemical diversity is still far from being
understood, and significantly, in particular, our level of understanding of the role of these secondary
metabolites in vital processes is still scarce.
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